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Abstract 12 
   Amine-responsive bilayer films were developed by using agar (AG), anthocyanins (AN), 13 
gellan gum (GG) and TiO2 nanoparticles for visual monitoring of meat spoilage. The AG-14 
AN layer worked as the sensing layer to volatile amines, while GG-TiO2 layer served as 15 
the light barrier layer and simultaneously the conducting layer to improve the illumination 16 
stability and electrochemical writing ability of the AG-AN layer, respectively. The 17 
Scanning electron microscopy (SEM) images and X-ray diffraction (XRD) spectra 18 
indicated the successful fabrication of bilayer films. Illumination experiments showed that 19 
the incorporation of TiO2 in the GG-TiO2 layer significantly improved the illumination 20 
stability of AN in the AG-AN layer. Meanwhile, electrochemical writing process could be 21 
easily conducted on the AG-AN layer in the presence of GG-TiO2 layer, indicating the 22 
feasibility of ink-free printing on bilayer biopolymer films. The AG-AN/GG-2%TiO2 film 23 
presented a limit of detection of 0.018 mM to trimethylamine (TMA), a typical basic gas 24 
generated during meat spoilage. Based on its good illumination stability and sensing ability 25 
to basic gases, the AG-AN/GG-2%TiO2 film exhibited rose red-to-green color changes 26 
along with the spoilage of pork and silver carp, indicating its great potential for monitoring 27 
meat spoilage in intelligent food packaging.   28 
Keywords 29 
Bilayer films, anthocyanins, electrochemical writing, amines, meat, intelligent packaging  30 
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1. Introduction  31 
    Meat spoilage during distribution can be considered as an ecological phenomenon. 32 
Unfortunately, meat spoilage could cause not only food waste, but more serious food safety 33 
issues, because most of the specific spoilage organisms [1] and their metabolites are 34 
harmful to human body. From the perspective of food preservation and food safety 35 
assurance, it is of great significance to detect the meat spoilage in supply chain. To date, in 36 
most cases, the meat spoilage was determined by using destructive detection methods, such 37 
as the determination of total volatile base nitrogen (TVB-N) and total viable count (TVC). 38 
However, it is always a tedious work to determine the meat spoilage, especially when the 39 
number of samples is very large. Hence, it is highly desirable to develop simple, cost-40 
effective and non-destructive sensing technologies for the rapid detection of real-time meat 41 
spoilage. 42 
Intelligent food packaging has received considerable attention in modern food industry. 43 
It especially aims to monitor the food quality or the surrounding environment of foods by 44 
using sensors, indicators, and data carriers, which goes beyond the traditional food 45 
packaging mainly with barrier abilities. These sensors, indicators and data carriers are 46 
equipped onto or into the packages so that they can in situ record the information of food 47 
quality. Among various sensors in intelligent packaging, colorimetric sensors, such as thin 48 
films [2, 3], hydrogels [4-8] and colorimetric arrays [9], have attracted much attention 49 
because they are portable, easy to fabricate and convenient for visual detection.  50 
In recent years, various pH-sensitive colorimetric films have been developed as the gas 51 
sensors to monitor the meat spoilage. These pH-sensitive colorimetric films could exhibit 52 
visible color changes when reacting with the non-neutral volatile gases, such as amines [10] 53 
and carbon dioxide [11], generated from deteriorated meats. Considering that traditional 54 
synthetic pH dyes had potential harmful effects on human beings, of late, much attention 55 
has been paid to natural pH-responsive pigments, such as anthocyanins [7, 12-24] and 56 
curcumin [25-28], which are safe and edible. At the same time, biopolymers, including 57 
polysaccharides and proteins, were employed to immobilize these natural pigments due to 58 
their good compatibility with natural pigments. However, one of the major concerns of 59 
these anthocyanins-polymer blend films would be the intrinsic instability of anthocyanins 60 
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against ultraviolet (UV) light, temperature and oxygen [29]. Among these factors, UV light 61 
irradiation should be a key factor to the color stability of anthocyanins embedded into 62 
biopolymer films in practical application. This is because the meat packaging could 63 
inevitably be exposed to sunlight in the supply chain. In addition, some studies showed that 64 
the UV light had a higher impact on anthocyanin stability than elevated temperatures [30, 65 
31]. Hence, it is critical to improve the light resistance ability of anthocyanins-based films 66 
to achieve a long-term color stability.  67 
Printing on food packaging materials can provide important information about foods, 68 
such as the manufacture date and storage status of foods [32]. However, most inks are 69 
typically derived from petrochemical feedstock, which brings not only environmental 70 
sustainability concerns, but also food safety risk due to the possible migration of inks from 71 
the package surface to foods. In recent years, the electrochemical writing technology has 72 
emerged for printing on biopolymer films [32, 33]. Our previous study showed that colorful 73 
patterns could be printed on the anthocyanins-polymers blend films based on the pH-74 
responsive color change of anthocyanins [34]. By using anthocyanins as the color agent, 75 
this electrochemical writing can be regarded as a green printing method.  76 
    Hence, in this study, we aimed to develop a bilayer film with improved illumination 77 
stability and electrochemical writing ability to monitor meat spoilage. The first layer of the 78 
bilayer film is agar-anthocyanins (AG-AN) blend, working as the sensing layer. The 79 
anthocyanins were extracted from rose (Rosa rugosa), which are readily available at low 80 
cost. Agar is an edible polysaccharide with good film-forming ability, and the use of the 81 
agar to immobilize the anthocyanins was due to its near neutral charge that had no 82 
interference to the color change of anthocyanins. The second layer of the bilayer film is the 83 
gellan gum-titanium dioxide (GG-TiO2) blend, which was employed as the protection layer. 84 
It is well known that rutile TiO2 nanoparticles had excellent UV-blocking power by 85 
absorbing high-energy UV and transforming them into less harmful heat or fluorescence 86 
[35]. Hence, rutile TiO2 nanoparticles was used to improve the illumination stability of 87 
anthocyanins by protecting the anthocyanins in the sensing layer from UV irradiation. GG 88 
is also a natural edible polysaccharide with good film-forming ability. A previous study 89 
showed that GG was a good polymer matrix to support and immobilize TiO2 nanoparticles 90 
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[36]. Therefore, TiO2 nanoparticles were embedded in the GG matrix to reduce aggregation. 91 
At the same time, with the help of GG-TiO2 composite as a conducting layer, 92 
electrochemical writing could be easily conducted on the AG-AN layer. To our best 93 
knowledge, this is the first study trying to develop bilayer films with improved illumination 94 
stability of anthocyanins and electrochemical writing performance. Our study showed that 95 
the fabricated bilayer colorimetric films were sensitive to volatile amines. The addition of 96 
rutile TiO2 nanoparticles improved the illumination stability of the embedded anthocyanins, 97 
and multicolor patterns could be printed on AG-AN layer by using the electrochemical 98 
writing method. The bilayer colorimetric film, working as a gas sensor, exhibited visible 99 
color changes along with the spoilage of pork and fish samples, indicating their good 100 
potential in visual monitoring of meat spoilage in intelligent packaging. 101 
    2.   Materials and methods 102 
2.1. Materials and Reagents 103 
 Dried rose (Rosa rugosa), fresh pork and live silver carp (Hypophthalmichthys molitrix) 104 
were purchased from local market (Zhenjiang, China). Low-acyl gellan gum was bought 105 
from Dancheng Caixin sugar industry Co., ltd. (Dancheng, China). Rutile titanium dioxide 106 
nanoparticles (diameter ~60 nm) was bought from Rhawn Chemicals. Agar, ethanol, 107 
calcium chloride and trimethylamine solution (33 wt%) were bought from Sinopharm 108 
Chemical Reagent Co., Ltd (Shanghai, China). 109 
2.2. Anthocyanins extraction  110 
Dried roseleaf was crushed into powder and transferred to 80% ethanol aqueous solution 111 
with a solid-liquid ratio of 1:15. This mixture was stirred at 35 °C for 6 h and then was 112 
filtrated using a 25-たm filter paper to collect the supernatant. Ethanol in the supernatant 113 
was removed with a vacuum rotary evaporator at 45 °C in dark. The concentrated 114 
anthocyanins extract solution was freeze-dried to obtain anthocyanins extract powders, 115 
which were stored at 4 °C in a brown bottle filled with nitrogen.  116 
The anthocyanins content in the extract powder was measured by the pH differential 117 
method [37] and anthocyanins content was expressed in mg/g (anthocyanins/extract 118 
powder). 119 
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2.3. Preparation of bilayer films 120 
 The bilayer films were prepared by a two-step casting method. A quantity of 2 g of AG 121 
powder was added to 100 mL of water and the mixture was heated at 98 Ԩ under stirring 122 
for 2 h to form a clear solution. When the AG solution was cooled to 45 Ԩ, a certain amount 123 
of lyophilized AN powder was added to the AG solution to obtain an AN content of 8 124 
mg/100 mL, according to the AN content in the lyophilized AN extract powder (612 mg/g) 125 
(refer to section 2.2). After degassed with a sonicator (Branson CPX5800H, USA), the 126 
solution (6 mL) was immediately poured into a smooth plastic Petri dish (diameter 53 mm) 127 
on a horizontal table. Firm AG-AN hydrogel was formed when the AG-AN solution was 128 
cooled.  129 
Meanwhile, a quantity of 2 gof GG powder was dissolved in 100 mL of water by heating 130 
at 80 Ԩ under stirring. TiO2 nanoparticles powders in ratio of 0.5, 1.0 and 2.0 g/100 g of 131 
GG were firstly dispersed in 2 mL of water and then sonicated for 5 min. Then, the TiO2 132 
dispersion was dropwise added to the GG solution with continuous stirring. Under this 133 
temperature, the mixtures were sonicated with a sonicator for 10 min, and subsequently 134 
stirred for 10 min. After that, 5 mL of CaCl2∙2H2O solution (8 mg/mL) was dropwise added 135 
into the solution with continuous stirring. When the GG- GG-TiO2 solution was cooled 136 
down to 50 Ԩ, 6 mL of the solution was immediately poured on the as-prepared AG-AN 137 
hydrogel. After the solutions was cooled, firm GG-TiO2 hydrogels were formed on the 138 
upper surface of the AG-AN hydrogel. The GG hydrogels containing TiO2 in the 139 
concentration of 0, 0.5, 1.0 and 2.0 g/100 g of GG were expressed as GG, GG-0.5%TiO2, 140 
GG-1%TiO2 and GG-2%TiO2 hydrogel, respectively.  141 
The as-prepared bilayer hydrogels were dried to films at 50 Ԩ under vacuum, and the 142 
obtained films were peeled from the Petri dish and stored at 4 Ԩ with 75% relative humidity 143 
(RH) for further use. The bilayer films containing AG-AN and GG with different contents 144 
of TiO2 were expressed as AG-AN/GG, AG-AN/GG-0.5%TiO2, AG-AN/GG-1%TiO2, and 145 
AG-AN/GG-2%TiO2 films, respectively. In addition, the bilayer film without AN and TiO2 146 
was also prepared and expressed as AG/GG film. The preparation process of bilayer films 147 
were described in Scheme 1.                    148 
 149 
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 150 
Scheme 1. The two-step casting process of fabricating the bilayer colorimetric films. 151 
    2.4. Electrochemical writing on bilayer films 152 
    The electrochemical writing on the films were conducted following the procedure in our 153 
previous study with a slight modification [34]. The above mentioned bilayer hydrogels 154 
were firstly taken out from the Petri dish before drying. The bottom layer (GG-TiO2) 155 
hydrogel was completely put on a platinum (Pt) plate (60 × 60 × 0.2 mm), and the upper 156 
layer (AG-AN) hydrogel was connected with the Pt needle (diameter 0.5 mm). The Pt plate 157 
and Pt needle were respectively connected with the cathode and anode of an 158 
electrochemical analyzer (CHI660E, CH Instruments Co., Shanghai, China). The 159 
movement of the Pt needle was procedurally controlled by a robotic arm (DOBOT M1, 160 
Shenzhen Yuejiang Technology Co., Ltd, China), with a step precision of 0.1 たm. The 161 
bilayer hydrogels were immediately dried in a vacuum-drying oven at 70 °C to form thin 162 
bilayer films after the electrochemical writing process, and the films were also stored at 163 
4 °C with 75% RH before use.  164 
    2.5. Characterization of the films 165 
2.5.1. Microstructure observation 166 
 The micrographs of the films were recorded by a field emission scanning electron 167 
microscopy (FE-SEM) (S-4800, Hitachi High Technologies Corporation, Japan). The films 168 
were freeze fractured by liquid nitrogen for cross section observation. Then, they were 169 
attached to conductive adhesive tape and mounted on the specimen holder, and finally 170 
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coated with gold under vacuum. TiO2 nanoparticles were dispersed on silicon wafer for 171 
SEM observation and energy dispersive X-ray spectroscopy (EDS) analysis. 172 
2.5.2. X-ray diffraction spectra 173 
    X-ray diffraction (XRD) spectra of TiO2 nanoparticles and the films were measured 174 
using an X-ray diffractometer (D8 ADVANCE, Bruker, Germany) equipped with 175 
monochromatic Cu-Kg radiation, under a voltage of 40 kV and a current of 40 mA. The 176 
samples were measured in continuous scan mode from 10 to 80° with a step of 2°/min. 177 
2.5.3. Mechanical properties 178 
The thickness of the films was firstly measured by using a hand-held digital micrometer 179 
(Sanfeng Group Co., Ltd., Taiwan, China). Tensile strength (TS) and elongation-at-break 180 
(EB) of the films were measured with a Model 4500 Universal Testing Machine (Instron 181 
Corporation, Canton, MA), using a modified American Standards for Testing and Materials 182 
(ASTM) standard procedure (ASTM Standard D882-00, 2000) procedure. Samples were 183 
conditioned in a desiccator containing saturated Mg(NO3)2 solution for 2 days prior to 184 
analysis. Each film was cut to a rectangular strip (30 × 20 mm). The grip separation and 185 
tensile speed were set at 20 mm and 0.6 mm/s respectively. TS and EB were calculated 186 
using eqs 1 and 2, respectively: 187 
F
TS
S
                                                                                                                         (1) 188 
0
(%) 100
l
EB
l

                                                                                                          (2) 189 
where TS is the tensile strength; F is the maximum load; S was the initial cross-ectional 190 
area of the film sample; EB was the elongation at break; ∆l is the extension of the films 191 
and l0 is the initial test length of the films. 192 
2.5.4. Water vapor permeability 193 
The water vapor permeability (WVP) of the films was measured using the ASTM 194 
method (ASTM Standard E96M-05, 1995). A glass cup with silica gel was closed with a 195 
sample of film firmly fixed on top. The cups were weighed and placed in a desiccator 196 
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containing saturated Mg(NO3)2 solution, which provided an relative humidity of 50% at 197 
25 °C. The cups were weighed every 4 h until a steady increase in weight was achieved. 198 
The water vapor transferred through the films and absorbed by the desiccant was 199 
determined from the weight gain of the cup. The water vapor transmission rate (WVTR) 200 
and WVP were calculated using eqs 3 and 4, respectively: 201 
m
WVTR
A t



                                                                                                            (3) 202 
x
WVP WVTR
p
 

                                                                                                      (4) 203 
where ∆m/∆t is the amount of water gain per unit time of transfer; A is the area exposed to 204 
water transfer; x is the film thickness, and ∆P is the water vapor pressure difference 205 
between both sides of the film. 206 
2.5.5. Oxygen permeability 207 
The Oxygen permeability (OP) of the films was determined following the ASTM 208 
method (ASTM D3985-05, 2005) at 25 °C and 53% relative humidity. OP values were 209 
calculated by dividing oxygen transmission rate (OTR) by the numerical difference in 210 
partial oxygen pressure on both sides of the films and multiplying by the mean thickness 211 
of the films, using eq 5:  212 
x
OP OTR
P
 

                                                                                                          (5) 213 
where x is the film thickness and 〉P is the partial pressure of oxygen. Measurements 214 
represent an average of six samples. 215 
2.6. Color stability to light 216 
The color stability of the films under visible light (そ ≈ 400-760 nm, 18 W, Philips, 217 
Netherlands) and  UV light (そ = 320-400 nm with そmax = 350 nm, 15 W, 40 uw/cm2, Guanya 218 
Optoelectronic Technologies Co., Ltd) were investigated in a temperature controlled 219 
cabinet (25 °C). The lights irradiated the GG-TiO2 layers for each film. The distance 220 
between the films and the light sources was 20 cm. The images of the films under visible 221 
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light and UV light were captured every 3 d and 5 h, respectively, using an optical scanner. 222 
The color parameters of the films were analyzed by using a user program in Matlab R2012a 223 
(Matworks Inc., Natick, MA, USA). To compare the color stability of the films with 224 
different initial colors, the relative color change (S) of the films were defined as eqs 6-9, 225 
according to our previous study [38]:  226 
0 1R R R                                                                                                                    (6)                                                    227 
0 1G G G                                                                                                                    (7) 228 
0 1B B B                                                                                                                    (8) 229 
0 0 0
(%) 100
R G B
S
R G B
  
 
 
                                                                                           (9) 230 
where S is the relative color change of R, G and B values; R0, G0, B0 are respectively the 231 
initial gray values of the red, green and blue of the film; R1, G1, B1 are respectively the gray 232 
values of the red, green and blue of the film after storage.  233 
2.7. Color response to trimethylamine 234 
 Trimethylamine (TMA) was used as the representatives of volatile basic gases 235 
generated from spoiled meats. The film strips (10×10 mm) were hung up in a testing 236 
chamber with the constant temperature (25°C) and relative humidity (75%). The solution 237 
of the analyte was injected into the testing chamber with a microliter syringe [23]. The 238 
concentration of TMA in the chamber was calculated using eq 10: 239 
s sVWC
MV

                                                                                                                     (10) 240 
Where C (mol/L) is the analyte concentration in the testing chamber; ȡs is the density of 241 
analyte solution (g/mL); Vs is the volume of the liquid analyte (mL); W is the mass fraction 242 
of analyte in the solution; M is the molar mass of the analyte (g/mol); V is the volume of 243 
the testing chamber (L). 244 
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      The films were maintained in the testing chamber for 3 h to reach reaction equilibrium. 245 
After that, the images and the UV-Vis spectra of the films were recorded using an optical 246 
scanner and the UV-Vis spectrophotometer, respectively. 247 
    2.8. Application of films in monitoring meat spoilage 248 
     Fresh pork was directly diced without further treatment. Live silver carp was also diced 249 
after removing its innards, head, tail and feathers. A quantity of 200 g of diced pork and 250 
silver carp were put into a polythylene terephthalate (PET) box with a buttoned lid. Two 251 
AG-AN/GG-2%TiO2 films, of which the AG-AN layer faced downwards, were 252 
respectively fixed on the lid to cover the hole (15 × 15 mm) on the lid and adhered onto 253 
the internal surface of the PET lid. The PET box was placed in an incubator at 4 Ԩwith254 
75% RH. The photos of the films used to monitor meat spoilage were obtained by using a 255 
digital camera, and the color parameters were extracted by using the Matlab software. 256 
    The total volatile basic nitrogen (TVB-N) content of these meat samples was measured 257 
according to a previous literature [39], following the Chinese Standard (GB 5009. 228-258 
2016).  259 
    2.9. Statistical analysis 260 
    Duncan’s multiple range test was used to compare the means at the λ5% confidence level 261 
by using SPSS statistics software. The data labeled with different lowercase letters are 262 
significantly different.  263 
   3. Results and discussion 264 
    3.1. Characterization of the films 265 
3.1.1. SEM images analysis 266 
Fig. 1 shows the SEM images of cross sections of the films.  A bilayer structure could 267 
be clearly seen from the GG/AG film (Fig. 1A), where the GG layer was homogeneous 268 
and smooth, while the AG layer was less uniform with some cracks. This phase separation 269 
between GG and AG layers was greatly attributed to the thermal irreversibility of GG and 270 
AG hydrogels, making them immiscible during the gelation process and thermal drying 271 
process. Meanwhile, there was no obvious gap at their interface, despite their distinct phase 272 
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separation. This could be due to their partial crosslinking through hydrogen bonding force 273 
based on their polysaccharide nature. This crosslinking at the interface was critical to 274 
developing a bilayer film. Otherwise, one monolayer film might be easy to peel off from 275 
the other monolayer film. The addition of AN improved the uniformity of AG layer. 276 
 277 
Fig. 1. The SEM images of cross section of (A) AG/GG film, (B) AG-AN/GG film, (D) AG-AN/GG-278 
0.5%TiO2 film, (E) AG-AN/GG-1%TiO2 film and (F) AG-AN/GG-2%TiO2 film, and (C) TiO2 279 
nanoparticles. Inset of (C) is the EDS spectrum of TiO2 nanoparticles. The acceleration voltage was 15.0 280 
KV. 281 
It can be seen from Fig. 1B that the AG-AN layer was more compact and dense than the 282 
pure AG layer (Fig. 1A). The morphology of TiO2 nanoparticles was shown in Fig. 1C. 283 
Most of the nanoparticles were sheet shapes and agglomerated to clusters, and the EDS 284 
spectrum (inset) verified the TiO2 constituent. The TiO2 nanoparticles could be observed 285 
from in the GG matrix of the AG-AN/GG-0.5%TiO2 (Fig. 1D), AG-AN/GG-1%TiO2 (Fig. 286 
1E) and AG-AN/GG-2%TiO2 (Fig. 1F) bilayer films. Meanwhile, as can be seen from the 287 
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Fig. 1F, no significant migration of TiO2 nanoparticles from GG-TiO2 layer to the AG-AN 288 
layer occurred even though the concentration of TiO2 nanoparticles was 2% of the GG. 289 
Furthermore, the interface of the AG-AN layer and GG-TiO2 layer remained well-290 
crosslinked after the addition of TiO2 nanoparticles. These results indicated that bilayer 291 
films, consisting of AG-AN and GG-TiO2 layers, were successfully fabricated. 292 
3.1.2. XRD spectra analysis 293 
Fig. 2 shows the XRD spectra of TiO2 nanoparticles and the films. TiO2 nanoparticles 294 
exhibited strong diffraction peaks at 2ș = ~27.5°, 37.2° and 54.4°, verifying their rutile 295 
phase, which was in line with previous studies [40, 41]. The XRD pattern of AG/GG and 296 
AG-AN/GG film showed amorphous peaks at ~13.6° and ~19°, due to amorphous nature 297 
of agar (as a co-polymer of galactose and 3, 6-anhydro galactose) [42, 43]. A diffraction 298 
peak at 2ș = ~23° was the characteristic peak of gellan gum resulted from its double-helix 299 
crystal structures [16]. As for the AG-AN/GG-TiO2 films, when TiO2 concentration was 300 
relatively low (0.5 g/100 g GG), the crystalline structure of the nanoparticle was almost 301 
undetectable. This could be due to the coverage of GG molecular on the surface of the TiO2. 302 
As the concentration of TiO2 the GG layer increased to 2 g/100 g, the intensity of a 303 
characteristic peak (110) of rutile crystal phase increased, due to the self-assembled large 304 
TiO2 agglomerates that recovered their crystallization ability. In addition, the diffraction 305 
intensity of GG (2ș = ~23°) presented a decreasing trend with the increase of TiO2 content, 306 
indicating that the interaction between GG and TiO2 decreased the crystallinity of GG. The 307 
possible interactions involved electrostatic attraction between negative-charge carboxylic 308 
groups from GG and positive-charge TiO4+-water complex during the preparation of GG-309 
TiO2 solution [44]. 310 
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 311 
Fig. 2. The XRD spectra of TiO2 nanoparticles and the bilayer films. The testing voltage and current 312 
were 40 kV and 40 mA, respectively. 313 
3.1.3. Mechanical and barrier properties 314 
    The fundamental mechanical and barrier properties of the films, including TS, EB, WVP 315 
and OP, were shown in Fig. 3. 316 
The AG/GG film showed the lowest TS (11.68 ± 1.72 MPa) (Fig. 3A) and highest EB 317 
value (36.82% ± 2.66%) (Fig. 3B). With the addition of AN to the AG layer, the TS value 318 
presented a weak increase, while the EB value slightly decreased. Incorporation of 1% TiO2 319 
into the AG-AN/GG film caused a significant increase of TS value (18.01 ± 2.36 MPa) (p 320 
< 0.05), but the TS decreased again with further addition of TiO2 up to 2% (Fig. 3A). 321 
Meanwhile, the EB value of the AG-AN/GG-TiO2 films declined with the increase of TiO2 322 
content (Fig. 3B). These results indicated that the incorporation of TiO2 caused a rigid film 323 
due to the reinforcing effect in the GG matrix. However, the reduced TS value in the 324 
presence of 2% TiO2 could be due to the aggregation and nonhomogeneous dispersion of 325 
TiO2 particles that broke the compactness of the film. 326 
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WVP determines the moisture transfer between the surrounding atmosphere and the food 327 
environment. The WVP of the AG-GG film was 3.54 ± 0.32 g/mm/m2/kPa/h, which 328 
decreased slightly when AN was added to the AG layer (Fig. 3C). The water permeability 329 
of a film is largely dependent on its chemical structure, morphology, and hydrophilicity. 330 
The decline of WVP of AG-GG film with the addition of AN could be due to the hydrogen 331 
bond between the AG and AN, which reduced the available of AG to form hydrogen bond 332 
with water. The further addition of 1% TiO2 to the AG-AN/GG film significantly improve 333 
the water barrier ability, as the WVP of AG-AN/GG-1%TiO2 film was 2.93 ± 0.22 334 
g/mm/m2/kPa/h. This was probably due to the prolonged tortuous pathway of water vapor 335 
formed by the well-distributed water impermeable nanoparticles [45]. Similar results were 336 
also found in chitosan-TiO2 blend films [46] and wheat glute-nanocellulose-TiO2 blend 337 
films [47]. The slight increase of WVP resulted from the addition of 2% TiO2 to the AG-338 
AN/GG film may also be due to the aggregation of TiO2 that enlarge the crack between the 339 
crystals of GG. However, this increment was not significant (P > 0.05). 340 
  The oxygen barrier ability of the packaging films has great effect on the shelf life of 341 
packaged foods. The AG/GG film showed the highest OP value (40.80 ± 2.36 cm3 342 
たm/m2/d/kPa) (Fig. 3D), which was comparable to polyvinyl chloride films (20-80 cm3 343 
たm/m2/d/kPa). A significant decrease of OP value was observed when AG were 344 
incorporated into the AG/GG film. The oxygen barrier ability of the AG-AN/GG films 345 
were also notably improved by TiO2. The OP value of the AG-AN/GG-2%TiO2 film was 346 
21.17 ± 1.55 cm3 たm/m2/d/kPa, which was nearly a half of the OP value of AG-AN/GG 347 
film. The remarkable enhancement of oxygen barrier ability of AG-AN/GG film induced 348 
by TiO2 was due to the high aspect ratio of TiO2 nanoparticles and their distribution 349 
throughout the film matrix. Incorporation of TiO2 nanoparticles retarded the chain mobility 350 
via interfacial adhesion between TiO2 and GG matrix, which provided lower vacant-free 351 
volume for oxygen transport [43]. In addition, the enhanced oxygen barrier ability of the 352 
GG-TiO2 layer may improve the stability of AG-AN layer by reducing the oxidization of 353 
AN.  354 
 355 
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 356 
Fig. 3. The (A) TS, (B) EB, (C) WVP, (D) OP of the bilayer films. 357 
3.2. Color response of AN to pH  358 
     The anthocyanins extracted from rose were employed as the pH-sensitive pigments 359 
to develop colorimetric films. Hence, the color response of the anthocyanins towards pH 360 
changes was investigated. The AN powder was added to pH buffer solutions prepared by 361 
using 0.2 M disodium hydrogen phosphate, 0.2 M citric acid and 0.2 M sodium hydroxide 362 
solutions with different proportions. Fig. 4A shows that anthocyanins solutions changed 363 
from red (pH 2-3) to colorless (pH 4-5), light purplish (pH 6-7), green (pH 8-11), and 364 
finally yellow (pH 12). Corresponding with the color changes in anthocyanins solutions, 365 
the maximum absorption peak (~520 nm) of the UV/Vis spectra decreased when the pH 366 
increased from 2 to 5, along with a red shift to ~550 nm (Fig. 4B). With the increase of pH 367 
from 6 ranging to 10, the maximum absorption peak showed a continuous red shift to nearly 368 
595 nm (pH 10), accompanied by a rise of the maximum absorption peak. However, the 369 
maximum absorption peak showed a sharp drop when the pH was over 10. The absorbance 370 
ratio at 595 nm versus 520 nm (A595/A520) could indicate the increase of green color 371 
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intensity compared to red color [48].  As shown in F g. 4C, the value of A595/A520 firstly 372 
increased (pH 2-10) and then decreased (pH 10-12). Particularly, there was a good 373 
quadratic relationship between A595/A520  and pH 2-10, with R2 of 0.9935 of the calibration 374 
curve. This was different from purple sweet potato anthocyanins [48] and red radish 375 
anthocyanins solutions [34] that their absorbance ratios had good exponential relationships 376 
with pH values. The color changes of AN extracted from rose indicated that it could be a 377 
good candidate to develop a pH-sensitive colorimetric sensor. 378 
 379 
Fig. 4. The (A) color and (B) UV-Vis spectra of the rose anthocyanins solution under pH 2-12, and (C) 380 
the change of A595/A520 of the rose anthocyanins solution with the increase of pH. 381 
3.3. Color stability of the films under visible and UV light  382 
The illumination stability of the films is important for practical application. In this study, 383 
the color stability of films exposed to visible light and UV light was tested, respectively. 384 
The visible light was generated from a white fluorescent lamp (~ 400-760 nm). The 385 
colors of the films after a period of storage were shown in Fig. 5A. The AG/GG film 386 
showed a transparent and very pale yellow color due to the presence of agar. After stored 387 
under visible light at 25 °C for 21 days, its color was still well-maintained. The 388 
incorporation of AN endowed the AG/GG film a rose red color. All of the colorimetric 389 
films presented slight color changes after 21 days of storage. Especially for AG-AN/GG 390 
film, its color changed from rose red to purple red. The relative color change (S) was used 391 
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to quantify the color change of the films. A lower S value implied a superior color stability. 392 
As shown in Fig. 5B, the S value of AG/GG film kept nearly constant (< 1%), indicating 393 
its good color stability. In contrast, all the colorimetric films showed increasing S values 394 
with radiation time and the S values decreased with the increase of TiO2 concentration. This 395 
improved color stability could be due to the physical light barrier ability (Fig. S1) and 396 
oxygen barrier ability (Fig. 3D) of TiO2 that reduced the degradation of AN. 397 
Generally, the UV of solar spectrum (100-400 nm) consists of the three ranges: UVA 398 
(400-315 nm), UVB (315-280 nm), and UVC (280-100 nm). In this study, the effect of 399 
UVA on the stability of the films was studied, because almost all of the UVC range and 400 
much of the UVB range light are absorbed by the stratospheric ozone layer [49]. The color 401 
of the films after exposed to a UVA light (そ = 320-400 nm with そmax = 350 nm) were shown 402 
in Fig. 5C. It can be seen that AG/GG was colorless and no obvious color changes occurred 403 
in the AG/GG film after 35 hours of radiation. For colorimetric films, their colors showed 404 
a trend to brownness after UV radiation, due to the degradation of AN. This was because 405 
AN had strong UV absorption ability, as shown in F g. S1, where the AG-AN/GG film had 406 
extremely low transparency in the range of 200-380 nm, compared with the AG/GG film. 407 
Especially, the highest S value (14.0% at the 35th hour) was obtained from the AG-AN/GG 408 
film (Fig. 5D), indicating that AG-AN/GG film was most vulnerable to UV light. The 409 
addition of TiO2 improved the stability of the colorimetric films. At the 35th hour, the S 410 
values of AG-AN/GG-0.5%TiO2 film and AG-AN/GG-1%TiO2 film were 13.2% and 411 
11.5%, respectively. When the concentration of TiO2 increased to 2 wt% of the AG, the S 412 
value of AG-AN/GG-2%TiO2 film was merely 8.4%, which was nearly a half of the S 413 
value of AG-AN/GG film. This significant improvement of color stability of the 414 
colorimetric films compared with AG-AN/GG film was attributed to the great UV 415 
absorption capacity of TiO2 nanoparticles, whose band gap energy is of the magnitude 416 
order of the UV radiation energy [50, 51]. The rutile TiO2 nanoparticles could transform 417 
high-energy UV light to less harmful heat or fluorescence [35]. In addition, TiO2418 
nanoparticles have high chemical and thermal stability, and therefore they should be a 419 
promising UV blocking agent to protect anthocyanins from degradation. 420 
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 421 
Fig. 5. The color changes of the bilayer films under (A) visible and (C) UV light, and the corresponding 422 
S values of the films under (B) visible and (D) UV light. 423 
3.4. Electrochemical writing on bilayer films 424 
    The electrochemical writing is based on the color changes of anthocyanins induced by 425 
hydrogen ions and hydroxyl ions generated from water electrolytic reactions [32]. Hence, 426 
a hydrogel containing high water content is needed to be firstly fabricated. In this work, 427 
the AG-AN and GG-TiO2 hydrogels were obtained due to the good gel-forming ability of 428 
AG and GG, respectively. In previous studies, the electrochemical writing was conducted 429 
on anthocyanins-containing monolayer hydrogels [32, 34]. Herein, the use of a bilayer 430 
hydrogel instead of a monolayer hydrogel in this work for electrochemical writing could 431 
make a better performance. As shown in Scheme 2, there are two ways for electrochemical 432 
writing on monolayer hydrogels. The first way is shown in Scheme 2A, the monolayer 433 
hydrogel is put on the Pt plate, and its upper surface is connected with the Pt needle. The 434 
Pt needle and Pt plate are respectively connected with the anode and cathode of the 435 
electrochemical workstation. Under a constant current (I), a localized low pH condition is 436 
generated around the Pt needle due to the anodic water electrolysis reaction (eq 11) so that 437 
anthocyanins turns to acid color (rose red). On the contrary, a localized high pH condition 438 
is generated around the Pt plate due to the anodic water electrolysis reaction (eq 12), and 439 
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therefore anthocyanins turns to basic color (yellow). In this way, the voltage (U) between 440 
the Pt needle and Pt plate is constant no matter where the Pt needle is located on the surface 441 
of the hydrogel. This is because the U is proportional to the resistance (Re), while Re is 442 
proportional to the perpendicular distance between the Pt needle and Pt plate, namely the 443 
thickness (d1) of the hydrogel. However, the color change (yellow) of the entire lower 444 
surface of the hydrogel connected with the Pt plate is not favorable for its further use. The 445 
second way for electrochemical writing on monolayer hydrogels is that Pt plate is put to 446 
the side surface of the hydrogel, as shown in Scheme 2B. However, the U value between 447 
the Pt needle and Pt plate would exceed the measurement range of the electrochemical 448 
workstation, when the distance (d2) between the Pt needle and Pt plate is overlarge. Hence, 449 
a bilayer hydrogel can be used to prevent the color changes of the hydrogel connected with 450 
the Pt plate and simultaneously make the voltage between the Pt needle and Pt plate 451 
constant. As shown in Scheme 2C, the AG-AN and GG-TiO2 layer were connected with 452 
the Pt needle and Pt plate, respectively. In this way, the water electrolysis reaction round 453 
the Pt plate could not change the color of GG-TiO2 hydrogel without anthocyanins. 454 
Meanwhile, the U value between the Pt needle and Pt plate is constant due to the constant 455 
distance (d3) between the Pt needle and Pt plate.  456 
2 22H O 4e 4H O
                                                                                                    (11)             457 
2 24H O 4e 4OH 2H
                                                                                              (12) 458 
The electrochemical writing patterns could be well preserved by immediately drying the 459 
hydrogels to films. By adjusting the magnitude and direction of the current, multicolor 460 
patterns, including English letters (Fig. 6A and 6C), Chinese characters (Fig. 6B) and a 461 
geometrical shape (Fig. 6D), were successfully written on the colorimetric films. Hence, 462 
the bilayer films could be a good alternative for electrochemical writing.  463 
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 464 
Scheme 2. The principle of electrochemical writing on monolayer and bilayer colorimetric films. 465 
 466 
Fig. 6. The electrochemical writing patterns on (A) AG-AN/GG film, (B) AG-AN/GG-0.5%TiO2 film, 467 
(C) AG-AN/GG-1%TiO2 film and (D) AG-AN/GG-2%TiO2 film. 468 
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3.5. Spectrum and color response to TMA  469 
During meat spoilage, a mixture of ammonia, dimethylamine (DMA), trimethylamine 470 
(TMA), and other monoamines and polyamines can be generated via the metabolic 471 
breakdown of amino acids [52]. Fig. S2 shows the images of the AG-AN/GG-2%TiO2 film 472 
after being exposed to ammonia and three monoamines. The film turned to green in 473 
different degrees, indicating its sensing ability to volatile amines. The sensing principle is 474 
that the nitrogen-containing gases cancombine with the water in the film and hydrolyze to 475 
generate hydroxyl ions, as shown in eq 13, and then hydroxyl ions can induce the color 476 
change of AN, as shown in eq 14, where the cyanidin changed from (1) flavylium ion to 477 
(2) anhydrobase, and then anhydrobase anion in the presence of hydroxyl ions. 478 
3 2 3R -N H O R -NH OH
                                                                                       (13) 479 
                                     (14) 480 
To simplify the experiment, TMA, a typical volatile monoamine, was selected as the 481 
representative gas to exam the sensitivity of the colorimetric films towards volatile amines. 482 
The color changes of colorimetric films towards TMA were shown in Fig. 7A. All the 483 
colorimetric films changed from rose red to green and final yellow color, when the TMA 484 
concentration gradually increased to 0.405 mM. The corresponding S values of the films 485 
also increased when the TMA concentration was up to 0.330 mM (Fig. 7B). Particularly, 486 
the films with different content of TiO2 showed near S values, indicating that the presence 487 
of TiO2 had no detrimental impact on the sensing ability of the film.  488 
Furthermore, the sensitivity of AG-AN/GG-2%TiO2 film to TMA was determined by 489 
using its UV-Vis spectra. As shown in Fig. 7C, the maximum absorption peak of AG-490 
AN/GG-2%TiO2 film decreased at 540 nm, but increased at 595 nm, when the 491 
concentration of TMA increased from 0 to 0.330 mM, which was in line with the spectrum 492 
change of AN solution with the increase of pH (Fig. 4B). Similarly, the absorbance ratio 493 
at 595 nm versus 540 nm (A595/A540) of AG-AN/GG-2%TiO2 film progressively rose with 494 
23 
 
the increase of TMA concentration in the range of 0-0.330 mM, while declined when TMA 495 
concentration was as high as 0.405 mM (Fig. 7D). The A595/A540 value presented a good 496 
linear relationship with TMA concentration in the range of 0-0.330 mM, with R2 of 0.9881 497 
of the calibration curve. Accordingly, the limit of detection (LOD) of AG-AN/GG-2%TiO2 498 
film to TMA was determined to be 0.018 mM, by using eq. 15: 499 
3K
LOD
N
                                                                                                                     (15) 500 
Where K is the standard deviation of blank measurements and N is slope of the calibration 501 
curve.  502 
In addition, the sensing ability of the film to TMA was largely associated with the 503 
relative humidity of test chamber. As shown in Fig. S3, at a constant TMA concentration 504 
(0.255 mM), the AG-AN/GG-2%TiO2 film remained a red color under 30% relative humidity, 505 
while turned to green and then yellow under 75% and 90% relative humidity, respective. This 506 
indicated that a higher relative humidity contributed to generate more hydroxyl ions on the surface 507 
of the film. Similar results were also observed in curcumin-based films [26]. 508 
 509 
Fig. 7. The (A) colors and (B) S values of the colorimetric films in response to TMA at different 510 
concentrations; (C) UV-Vis spectra and colors (inset) of AG-AN/GG-2%TiO2 film in response to TMA at 511 
0-0.405 mM, and (D) the corresponding changes of A595/A540 values of the AG-AN/GG-2%TiO2 film with 512 
the concentration of TMA. The relative humidity and temperature of the testing chamber containing TMA 513 
were 75% and 25 Ԩ, respectively. 514 
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3.6. Application of films in monitoring meat spoilage 515 
To test the feasibility of the bilayer film in monitoring meat spoilage, two square AG-516 
AN/GG-2%TiO2 films were fixed on the lid of a sealed PET box. As shown in Fig. S4, one 517 
film, expressed as film 1, was fixed on the external surface of the PET lid to cover the hole 518 
(15 mm length), while the other film, expressed as film 2, was directly adhered onto the 519 
internal surface of the PET lid.  520 
It can be seen that film 1, as a water permeable window, showed visible color changes 521 
from rose red to light green, along with the cold storage (4 °C) of pork (Fig. 8A) and silver 522 
carp (Fig. 8B). By contrast, film 2, which was put inside of the sealed PET box, suffered 523 
from severe AN leaching, after absorbing a large amount of water vapor volatilized from 524 
the fresh meat samples. However, the AN leaching was not expected or controllable in this 525 
case. Hence, in this study, the film 1 was regarded as the meat spoilage indicator for further 526 
analysis. 527 
The spoilage degree of the meats was evaluated by their TVB-N content. As shown in 528 
Fig. 8C and 8D, the TVB-N values of the pork and silver samples respectively increased 529 
from 7.54 to 23.78 mg/ 100 g, and from 8.23 to 33.25 mg/ 100 g, after a 14-day storage. 530 
Meanwhile, the color changes of the AG-AN/GG-2%TiO2 film could be quantitatively 531 
described by the rate of G value to the sum of R, G and B value, namely G/(R+G+B). It 532 
increased from 31.45% to 33.39% for pork, and increased from 32.26% to 34.10% for 533 
silver carp samples, respectively. 534 
According to Chinese standard GB 2707-2016, the rejection limit of TVB-N level for 535 
fresh pork is 15 mg/100 g. In this study, the TVB-N value of pork increased to 15 mg/100 536 
g at nearly 8 d, when the G/(R+G+B) value of the film was 32.55% (Fig. 8C). This indicated 537 
that if the G/(R+G+B) value was > 32.55%, then the pork sample should not be consumed. 538 
Similarly, according to Chinese standard GB 2733-2015, the rejection limit of TVB-N level 539 
for fresh silver carp is 20 mg/100 g. The TVB-N value of silver carp increased to 20 mg/100 540 
g at nearly 8.5 d, when the G/(R+G+B) value of the film was 33.05 % (Fig. 8D). This 541 
implied that if the G/(R+G+B) value was > 33.05%, the silver carp sample should not be 542 
consumed.  543 
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Simultaneously, the color of the electrochemical patterns (yellow color) on the film 1 544 
did not obviously changed, indicating its color stability on the film. Hence, the AG-545 
AN/GG-2%TiO2 films with the electrochemical patterns, which was worked as a 546 
colorimetric gas sensor, could be used to visually monitor the pork and silver carp spoilage.  547 
 548 
Fig. 8. The images of (A) pork and (B) silver carp, and the relation between TVB-N contents and 549 
G/(R+G+B) (%) values of AG-AN/GG-2%TiO2 film in terms of (C) pork and (D) silver carp sample, 550 
during storage at 4 Ԩ. 551 
3.7. Safety and cost of the films  552 
The bilayer AG-AN/GG-TiO2 films are safe and cost-effective. Anthocyanins and agar 553 
are well-known natural edible pigments and polysaccharide, respectively. GG is also an 554 
edible polysaccharide and has received both U.S. FDA and EU (E418) approval for 555 
application in a variety of foods [53]. Meanwhile, TiO2 is included in the list of approved 556 
additives for food contact materials, according to the Commission Regulation (EU) No. 557 
10/2011 on plastics and articles intended to come into contact with foods [54]. For one 558 
thousand AG-AN/GG-2%TiO2 films (diameters 53 mm), the total cost of the materials is 559 
merely $ 17.15 (Table S1). Therefore, the colorimetric film is not only a safe meat spoilage 560 
indicator, but an economical sensor for intelligent food packaging.  561 
4. Conclusions 562 
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    Bilayer colorimetric films, including AG/GG, AG-AN/GG, AG-AN/GG-0.5%TiO2, 563 
AG-AN/GG-1%TiO2 and AG-AN/GG-2%TiO2 film, were successfully developed through 564 
a two-step casting technique. SEM images and XRD spectra verified the successful 565 
fabrication of the bilayer films. The incorporation of TiO2 up to 1 g/100 g of GG 566 
significantly improved the tensile strength, water barrier ability and oxygen barrier ability 567 
of the AG-AN/GG film, while the flexibility of the AG-AN/GG-TiO2 films decreased with 568 
the increase of TiO2 content up to 2 g/100 g of GG. The color stability of the colorimetric 569 
films under visible and UV light was enhanced with the increase of TiO2 content. The 570 
presence of TiO2 did not hinder the TMA-sensing ability of AN, and the LOD of AG-571 
AN/GG-2%TiO2 film to TMA was 0.018 mM. The AG-AN/GG-2%TiO2 film exhibited 572 
visible color changes along with the storage of pork and silver carp at 4 °C, and it was safe 573 
and cost-effective. Hence, the bilayer films should have good potential for practical 574 
application in intelligent food packaging.  575 
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